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ABsTRACT:  Sedimentologic, stratigraphic, and petrologic analysis of
the Upper Jurassic-Lower Cretaceous Morrison and Cedar Moun-
tain formations of Utah and Colorado provides information on the
timing and nature of early Cordilleran foreland-basin development.
The Morrison Formation can be subdivided into three depositional
facies assemblages: (1) lower progradational shallow marine, lacus-
trine, fluvial, and eolian facies deposited during Oxfordian—-Kimmer-
idgian retreat of the Stump-Sundance sea; (2) a middle assemblage
containing sandy—gravelly braided fluvial deposits, which are over-
lain by meandering fluvial channel and overbank facies; and (3) an
upper assemblage of laterally stable, low-sinuosity, fluvial channel
facies deposited during Tithonian—early Neocomian (?) time. The up-
per part of this assemblage shows evidence of alteration and early
diagenesis related to development of an Early Cretaceous unconfor-
mity. The overlying Cedar Mountain Formation is subdivided into
two facies assemblages: (1) the Neocomian Buckhorn Conglomerate
was deposited by northeast-trending, sandy—gravelly braided rivers
that were incised into the underlying Morrison Formation; (2) an
upper assemblage containing laterally stable, low-sinuosity, fluvial
channel facies deposited during late Neocomian-Albian time. The
base of the unit contains a thick calcrete zone that formed during an
unconformity following Buckhorn deposition.

Morrison and Cedar Mountain formation sandstones contain three
petrofacies. a feldspar-rich lower Morrison petrofacies (%QmFLt =
70, 19, 11), and chert-rich upper Morrison and Buckhorn/Cedar
Mountain petrofacies (%QmFLt = 54, 5, 41 and 69, 4, 27, respec-
tively). Sandstone composition and paleocurrent data indicate a Cor-
dilleran source area composed of Proterozoic, Paleozoic, and M esozoic
sedimentary rocks.

The Morrison Formation and Buckhorn Conglomerate were depos-
ited in the back-bulge depozone of the Late Jurassic Cordilleran fore-
land-basin system and onlapped a flexural forebulge located in central
Utah. Late Neocomian eastward migration of the forebulge uplifted
areas in eastern Utah, producing an unconformity, while the foredeep
in central Utah underwent flexural subsidence. The upper part of the
Cedar Mountain Formation represents overfilling of the foredeep and
deposition above the forebulge.

INTRODUCTION

Thetiming of initial Cordilleran foreland-basin development in the west-
ern interior United States has been the subject of considerable debate. Ear-
lier workers suggested that thrusting in the Sevier thrust belt of Utah, Wy-
oming, and Idaho commenced during regiona deposition of nonmarine
Upper Jurassic rocks (Armstrong and Cressman 1963; Suttner 1969; Furer
1970; Young 1970; Jordan 1981; Wiltschko and Dorr 1983). More recent
investigations have concluded that the onset of thrust-related crustal loading
and asymmetric foreland-basin subsidence occurred earlier and is repre-
sented by deposition of the Middle-Late Jurassic Twin Creek, Pruess, and
Stump formations and their correlatives in Utah, southern Idaho, and west-
ern Wyoming (Thorman et a. 1992; Bjerrum and Dorsey 1995). Structural
and metamorphic studies in eastern Nevada and western Utah document
contractional deformation, magmatism, and regional metamorphism that
supports a Middle Jurassic age for crustal shortening (Hudec 1992; Miller
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1992; Snoke et al. 1992; Wells 1992). DeCelles and Burden (1992) pro-
posed that the Upper Jurassic nonmarine deposits across the foreland rep-
resent the late-stage filling of the Middle Jurassic Cordilleran foreland ba-
sin, and were derived from thrusts found today in the hinterland of the
Sevier belt.

In contrast, Heller et a. (1986), Heller and Paola (1989), and Yingling
and Heller (1992) suggested that Late Jurassic deposition pre-dated Sevier
deformation. This interpretation is based primarily on the observation that
the first observable thickening of stratigraphic units towards the Sevier
thrust belt in Utah occurs in the Lower Cretaceous Cedar Mountain For-
mation and correlative units. Lawton (1994) supported this interpretation
and indicated that Middle-Upper Jurassic rocks in the western interior were
deposited during a period of subduction-related subsidence prior to defor-
mation in the Sevier belt.

Contributing to the lack of understanding of early Cordilleran foreland-
basin development is the limited number of regionaly integrated sedimen-
tologic, stratigraphic, and provenance investigations of the Jurassic—Cre-
taceous nonmarine interval. The goal of this paper isto document the Upper
Jurassic-Lower Cretaceous Morrison and Cedar Mountain formations in
northeastern Utah and northwestern Colorado and to demonstrate that these
deposits record early Cordilleran foreland-basin development. Sedimento-
logic, petrologic, and geochronologic data from these formations are used
to determine the age, deposystems, provenance, and paleogeography of
these rocks, and to establish aregiona correlation with equivalent unitsin
central Utah.

Stratigraphy and Age

In the area surrounding the eastern Uinta Mountains region (Fig. 1) the
Morrison Formation consists of four lithostratigraphic members: The
Windy Hill, Tidwell, Salt Wash, and Brushy Basin members (Fig. 2) (Tur-
ner 1992). These members can be identified at most locations in the study
area, although thicknesses and facies vary (Fig. 3). The Morrison Formation
overlies marine sandstone, limestone, and shale of the Oxfordian Redwater
Member of the Stump Formation (Pipiringos and O'Sullivan 1978). The
Morrison is overlain by the Cedar Mountain Formation, which consists of
the lower Buckhorn Conglomerate Member and an upper unnamed mud-
stone/sandstone member (Stokes 1952; Kirkwood 1976). The Buckhorn
Conglomerate Member is restricted to the southern and northeastern parts
of the study area (Fig. 3). Where the conglomerate is absent, upper Cedar
Mountain mudstone lies directly on Brushy Basin Member mudstone. At
these locations, the base of the Cedar Mountain Formation is defined by
the first occurrence of large (> 10 cm diameter), coalesced carbonate nod-
ules or a laminar to structureless calcrete lying above the Brushy Basin
Member. The top of the Cedar Mountain Formation is defined by an un-
conformable contact with the overlying fluvial sandstones of the Albian-
Cenomanian Dakota Formation (Vaughn and Picard 1976; Molenaar and
Cobban 1991; Currie et a. 1993).

The geochronologic data summarized in Table 1 show that the Morrison
and Cedar Mountain formations were deposited between Oxfordian (Late
Jurassic) and Albian (Early Cretaceous) time. Data from the Morrison For-
mation indicate Oxfordian through Tithonian deposition, athough deposi-
tion of the upper parts of the formation may have extended into Early
Cretaceous time. “CAr/*°Ar dating of a bentonite in Tidwell Member near
the 1IP section (Fig. 3) has yielded an Oxfordian—Kimmeridgian age of
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154.8 = 0.6 Ma(Kowalliset al. 1998), based on the time scale of Gradstein
et a. (1995). The Sdt Wash Member at the 1IP section has yielded Ti-
thonian palynomorphs near the top of the member (H.T. Pile, persona
communication 1992). 4°Ar/3°Ar dating of a bentonite from the middle
Brushy Basin Member near the 1TD section (Fig. 3) has aso yielded a
Tithonian age (149.0 = 0.4 Ma) (Kowallis et a. 1998). K/Ar dating of
biotite from a bentonite from the upper part of the Brushy Basin Member
near the 1TD section yielded an Early Cretaceous age of 135.2 = 5.5 Ma
(SAA. Bilbey, personad communication 1993). However, “CAr/*°Ar dates
from the same horizon yielded a Jurassic age of 152.9 + 1.2 Ma (Kowallis
et a. 1991). This discrepancy leaves the age of the upper 25-40 m of the
Morrison Formation in question. The Late Jurassic age of the Tidwell-
middle Brushy Basin members is corroborated by chronostratigraphic ev-
idence from throughout the region (Table 1).

The age of the Cedar Mountain Formation in the study area is poorly
constrained. The only age-diagnostic fossils were reported by Hansen
(1965), who noted Aptian/Albian charophytes and ostracodes in the upper
Cedar Mountain Formation on the north flank of the Uinta Mountains (1FD

section, Fig. 3). However, geochronologic data from the Cedar Mountain
Formation in other parts of Utah and Colorado indicate a Barremian-Albian
age of deposition (Table 1).

Given the Oxfordian-Early Neocomian (?) age of the underlying Mor-
rison Formation and the Barremian-Albian age of the overlying upper Ce-
dar Mountain Formation, the Buckhorn Conglomerate is considered to be
mid-Neocomian in age (Fig. 2).

SEDIMENTOLOGY

The Morrison and Cedar Mountain formations in northeastern Utah and
northwestern Colorado consist of up to 275 m of mudstone, sandstone,
conglomerate, and minor limestone. The main characteristics of the strati-
graphic members (Fig. 2) are briefly described in Table 2 and interpreted
below.

Morrison Formation

Windy Hill Member.—The Windy Hill Member in the study area con-
sists of 0.5-3 m of very fine- to medium-grained sandstone. On the basis
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of the lithofacies described in Table 2, the Windy Hill Member is inter-
preted as shallow marine and foreshore deposits. The low-angle to hori-
zontal lamination with primary current lineations is characteristic of fore-
shore deposits (Clifton 1969), whereas the small-scale trough cross-strati-
fication represents sand deposition by longshore currents or in shallow
channels that incised the upper shoreface (e.g., Hunter et a. 1979). Sym-
metrical ripples in the Windy Hill formed by oscillatory, wave-driven cur-
rents in lower shoreface or shallow marine environments.

Tidwell Member.—The Tidwell Member consists of 3-14 m of inter-
bedded sandstone and mudstone (Table 2). The Tidwell Member in the
study areais interpreted as the deposits of a margina marine, tidal/estuary
complex. The tabular sandstone bodies containing symmetrical ripples are
interpreted as tidal-sand-flat deposits that were subjected to oscillatory,
wave-driven currents (Weimer et al. 1982). The lenticular sandstone bodies
containing trough and ripple cross-stratification and flaser bedding are in-
dicate deposition in tidal channels or tidally influenced fluvial channels
(Reineck and Wunderlich 1968). Structureless to laminated and fissile mud-
stones with symmetrical ripple cross-lamination and wavy bedding are in-
terpreted as lagoon or tidal-flat deposits (Ward and Ashley 1989; Ginsburg
1975). The presence of desiccation cracks in some of the mudstone beds
is an indication of subaerial exposure on tida flats or in overbank envi-
ronments.

Salt Wash Member.—The Salt Wash Member in the study area can be
subdivided into two genetically related units: a lower sandstone/mudstone,
and an upper sandstone/conglomerate. The lower part of the Salt Wash
Member consists of 9-65 m of interbedded sandstone, mudstone, and lime-
stone (Fig. 3, Table 2). Coalesced sandstone lenses of the lower Salt Wash
are interpreted as the deposits of a sandy, fluvia channel system. The
laterally continuous nature of the sandstone bodies suggests deposition in
unstable, interconnected channels. The lack of lateral accretion surfacesand
levee deposits suggests that the fluvial system was braided.

The massive, mottled and bioturbated mudstone containing nodular car-
bonate is interpreted as overbank deposits that were subject to pedogenic
modification and paleosol formation. The dark gray and green fissile shale
and silty limestone are interpreted as the deposits of shallow ponds and
lakes on the floodplain.

The thick, fine- to medium-grained sandstone containing giant planar-
tangential cross-strata is interpreted as eolian deposits (TCW and 1DP sec-
tions, Fig. 3). These represent eolian dune slip faces that migrated under

TasLe 1.—Late Jurassic-Early Cretaceous geochronologic data.

Formation/Member Level/Section Data Type Age (Ma) Age Source
Study Area Data
Morrison Fm.
Tidwell Member ~75m, 1P Ar/Ar 154.8 + 0.6 Oxfordian-Kimmeridgian 2
upper Salt Wash Member 87.5m, 1P palynomorphs — Tithonian 6
middle Brushy Basin Member ~175m, 1TD Ar/Ar 1490 + 04 Tithonian 2
upper Brushy Basin Member ~200 m, 1TD KI/Ar, Ar/Ar 1529 + 12,1352 + 55 Kimmeridgian, Berriasian 1,5
Cedar Mountain Fm.
upper Cedar Mountain Fm. middle (?), 1 FD charophytes/ostracodes — Aptian/Albian 8
Regional Data
Morrison Fm.
Tidwell Member base, NE Circle Cliffs Uplift ArlAr 1548 + 0.6 Oxfordian-Kimmeridgian 2
middle Brushy Basin Member base-top, NE San Rafael Swell ArlAr 150.2 = 05, 148.1 = 05 Tithonian 2
middle Brushy Basin Member base-top, SE Utah Ar/Ar 149.4 + 0.7, 1476 = 0.8 Tithonian 1
Lower Cretaceous
Burrow Canyon Fm. middle, Western Colorado palynomorphs — Barremian-Early Albian 4
upper Cedar Mountain Fm. ?, central Utah molluscs — Aptian/Albian 9
upper Cedar Mountain Fm. ?, central Utah plant macrofossils — Aptian/Albian 10
upper Cedar Mountain Fm. lower, Eastern Utah vertebrates — Barremian 11
upper Cedar Mountain Fm. top, SW San Rafael Swell palynomorphs — Late Albian 4
upper Cedar Mountain Fm. top, SW San Rafael Swell ArlAr 98.39 = 0.07 Late Albian 7

Sources: 1. Kowallis et al. (1991); 2. Kowallis et . (1998); 3. Peterson (1992); 4. Tschudy et al. (1984); 5. SA. Bilbey, personal communication (1993); 6. H.T. Pile, persona communication (1992); 7. Cifelli et al.

(1997); 8. Hansen (1965); 9. Katich (1951), Stokes (1952); 10. Simmons (1957), Thayn (1973); 11. Kirkland (1992).
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prevailing west—southwesterly winds. The inversely graded, parallel lami-
nation is interpreted as subcritically climbing translatent strata, deposited
on dune surfaces by migrating eolian ripples (e.g., Hunter 1977).

The upper part of the Salt Wash Member is characterized by 12-40 m
of sandstone, chert granule—pebble conglomerate, and minor amounts of
mudstone (Table 2, Fig. 4A). As a whole, the maximum grain size in the
unit coarsens upsection from coarse sand a the base to pebble-size clasts
at the top.

The upper Salt Wash Member is interpreted as the deposits of a sandy—
gravelly braided fluvial system. Laterally continuous sandstone and con-
glomerate bodies were deposited by laterally unstable, interconnected chan-
nels. Individua lenses of trough cross-stratified sandstone and conglom-
erate were deposited as sandy—gravelly macroforms that migrated down-
stream during high-flow events. Paleocurrent data from planar and trough
cross-stratification in the sandstones and conglomerates indicate east-south-
eastward paleoflow, with a minor component of flow toward the northeast
and southwest (Fig 4A). Mudstone interbeds containing carbonate nodules
represent overbank deposits modified by pedogenic processes. The in-
creased grain size a the top of the unit indicates progradation of coarser
facies in the direction of transport through time.

Brushy Basin Member —The Brushy Basin Member can be subdivided
into lower, middle, and upper units. The lower part of the Brushy Basin
Member consists of 2045 m of sandstone and mudstone (Fig. 3, Table 2,
Fig. 4B). Sandstone bodies in the lower part of the Brushy Basin Member
are interpreted as deposits of fluvia channels with variable sinuosity. The
increasing lateral discontinuity, and the presence of lateral accretion sur-
faces in the channel sandstones in the upper part of the unit, indicate a
trangition from braided to meandering fluvial morphologies. Mottled mud-
stones containing root traces, cutans, peds, and abundant carbonate nodules
are interpreted as well-developed calcic-paleosol horizons.

The middle part of the Brushy Basin Member consists of 44-68 m of
mudstone, sandstone, conglomerate, and limestone (Table 2, Figs. 3, 4B).
The middle Brushy Basin Member isinterpreted as the deposits of a poorly
drained, mud-dominated, aluvial/lacustrine plain. The dark color of the
mudstones is attributed to reducing conditions that developed in response
to a high ground-water table. The smectitic nature of the mudstone and the
presence of abundant bentonite beds indicate a probable volcanic source
for much of the sediment. Laminated mudstones and thin-bedded lime-
stones and siltstones are interpreted as shallow lacustrine or pond deposits.
The massive mudstone containing root traces and nodular carbonate zones
represents overbank or ephemeral lacustrine deposition that was later sub-
ject to pedogenic processes. The bentonite beds in the unit are interpreted
as volcanic ashes that were deposited by air fall on the aluvia plain or in
shallow lacustrine settings. The presence of rounded quartz grains in some
of these ash beds suggests partia reworking and contamination by fluvial
and/or eolian processes. Desiccation cracks and gypsum crystals in the unit
indicate episodic drying of the flood plain as well as the possibility of the
existence of evaporitic conditions in ephemeral lakes and ponds. This in-
dicates that the middle Brushy Basin Member may have been deposited in
a semiarid to seasonally arid climate. The presence of a semiarid climate
during middle Brushy Basin Member deposition is corroborated by Turner
and Fishman (1991), who documented an alkaline/saline lake deposit in
the Brushy Basin Member of the east-central Colorado Plateau.

The sandstone bodies in the middle Brushy Basin Member areinterpreted
as deposits of eastward-flowing fluvial channels of moderate sinuosity. The
large bodies of coarse-grained sandstone are interpreted to be mgjor fluvial
channels, whereas the thinner beds of finer-grained sandstone represent
small tributaries or secondary channels that were active only during floods
(e.g., Rust 1981; Schumann 1989). The low width/thickness ratios of the
channels and the lack of |ateral-accretion surfaces indicate that the primary
mode of channel migration was by avulsion. Paleocurrent data from planar
and trough cross-stratification in the sandstones and conglomeratesindicate
northeastward to southeastward transport directions (Fig. 5B, Fig. 3). Some
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of the thin, rippled sandstone and siltstone beds in the unit may have been
deposited on the floodplain as crevasse-splay sheets (e.g., Smith and Pérez-
Arlucea 1994).

A possible modern analog for middle Brushy Basin Member deposition
is the Cooper's Creek fluvid/aluvia system in the Lake Eyre Basin of
central Australia (Bell 1986), wherein low- to moderate-sinuosity, anasto-
mosing fluvial channels supply sediment for amud-dominated alluvial plain
(Rust 1981). The Cooper’'s Creek system is aso similar to the middle
Brushy Basin Member in that deposition occurs in a semiarid climate and
is associated with a downstream alkaline/saline lacustrine system (Turner
and Fishman 1991).

The upper part of the Brushy Basin Member contains 25-45 m of mud-
stone, sandstone, and conglomerate (Table 2, Fig. 4C). The unit is present
throughout the study area, athough it is thinned or absent where the Buck-
horn Conglomerate is present (Fig. 3). Chert grains and clasts in the upper
part of the Brushy Basin Member have dark interiors that are surrounded
by white, diagenetic reaction rims. In addition, many of the atered chert
clasts and grains exhibit pitted surfaces and porous interiors that may be
related to partial diagenetic dissolution. The dark-colored interiors of al-
tered chert pebbles are similar to those in unatered conglomerates of the
middle Brushy Basin Member.

The upper part of the Brushy Basin Member is interpreted as deposits
of alow-sinuosity fluvial system similar to the underlying middlie Brushy
Basin. Lenticular conglomerate and sandstone bodies were deposited by
stable fluvial channels, whereas horizontally laminated and asymmetrically
rippled siltstone and sandstone beds present laterally from the channel bod-
ies are interpreted as levee or crevasse-splay deposits. Paleocurrent data
from trough and planar cross-stratification in the channel bodies indicate
southeastward paleoflow (Fig. 5B).

The distinct color banding in the mudstones of the upper unit is inter-
preted to be the result of leaching of upper soil horizons by meteoric waters
(Fig. 4C; Shanmugam 1988). The bleaching and partial dissolution of
coarser-grained units may indicate leaching by migration of groundwater
through porous channel sediments (Shanmugam and Higgins 1988). The
siliceous nature of upper Brushy Basin mudstones and the rarity of nodular
carbonate within this interval suggest that sediment alteration may be re-
lated to increased precipitation during or after deposition (Shanmugam
1988; Mack 1992). Early diagenesis by pedogenic and groundwater pro-
cesses may also be an indication of long periods of little or no deposition
and subsequent paleosol formation and ateration of upper Brushy Basin
sediments. As such, dteration of this interval may have occurred during
development of the regiona Late Jurassic-Early Cretaceous ‘K’ uncon-
formity described by Pipiringos and O’ Sullivan (1978).

Cedar Mountain Formation

Buckhorn Conglomerate Member.—The Buckhorn Conglomerate
Member of the Cedar Mountain Formation consists of 1-35 m of conglom-
erate, sandstone, and minor mudstone (Fig. 3, Table 2). Overdl, the unit
fines upward from pebble and cobble conglomerate at the base to medium-
and fine-grained sandstone at the top. The Buckhorn Conglomerate is pres-
ent in an east—west-striking, 25 km wide outcrop belt across the southern
part of the study area, and in one small outcrop aong the northeastern
margin of the study area (Fig. 3, Fig. 5C). The thickness of the Buckhorn
Member progressively decreases from 35 m near Dinosaur, Colorado to
nearly zero in the vicinity of Cliff Creek, Utah, and Skull Creek, Colorado.
Conglomerate and very coarse sandstone of the Buckhorn rest in erosiona
contact upon greenish-gray mudstone and fine-grained sandstone of the
middle and upper Brushy Basin Member of the Morrison Formation (Fig.
6B). Conglomerate clasts are dominated by gray, black, and brown chert
with minor amounts of white chert and quartzite (Fig. 6C). Average max-
imum conglomerate clast sizes generally decrease from 9.3 cm at the base
of the unit to 1.5 cm at the top.



636 B.S CURRIE

IFD 15C IRF 1SMA 2P 1TD 1P

= = 1 N\

=
IIE

/ ] B by m
g /
Kd = % —
_740] _— -
« M i - %)
[l o / = s = ]

=" 7 6 % 2 =
Kem | = HE=" H %0

H » T == L

N == = u =

by

Jmbu

]801 | %1 &

i,
H =
|
]LH—|
|

I

i
i

rv
L[]

I
I
|

T
!

.
1T

iJﬁ‘J!

U_[Pll

1507

I
|

.
=
=]
3
i
Ut
L
I |
[ ]
“aw

T

)

120

Jmbl |

L |
I
[
|
U
I

-

Jmsl

mi ¢ p

mf c p mf c p

Fic. 3—Logs of measured stratigraphic sections and correlations of the Morrison and Cedar Mountain formations, NE Utah-NW Colorado. Section locations are shown
in Figure 1 and listed in Appendix 1.



JURASS C-CRETACEOUS CORDILLERAN FORELAND-BASN DEVELOPMENT

TCW 1BC IMHQ RWD 1C LHD 1DP

/mg \“0 %

E

i

[
=

184

180 |
R'S —
*
120 1
150
1201 120 120
120
] 1204
] Jmbm
10 | | ==
% y 9 % %
] | Pl T —"
/ \ "
an R
o e | L 4

/mfép

N2

rl: | Jw_mw T T
L-J_ f-w; .
I's

)
I

1
=

I
I

~

|
]

=T

%
/|
=
\s
~a
|
=S
TR T
g
=

Fic. 3.—Continued.

637

EXPLANATION

Stratigraphic Units

Jsr : Stump Fm.; Redwater Mbr.

Morrison Formation

Jmbu : upper Brushy Basin Mbr.
Jmbm: middle Brushy Basin Mbr.
Jmbl : Jower Brushy Basin Mbr.
Jmsu : upper Salt Wash Mbr.
Jmsl : lower Salt Wash Mbr,
Jmtw : Tidwell/Windy Hill mbrs.

Cedar Mounrain Formation
Kem : upper Cedar Mountain Fm,
Kb : Buckhorn Conglomerate Mbr.

Kd : Dakota Fm.
Lithologic Symbols
B soil carbonate nodules
¥ massive/nodular calcrete
K.Y eolian sandstone
B limestone
B covered Interval

petrographic sample

O o

Tithonian palynomorph-
bearing zone

—g> paleowind direction from
eolian cross-strata

—» paleocurrent direction from
trough and planar cross-
stratification

Grain Size Scale

TTTTTTTH
mf c p

m: mudstone

f: fine-grained sandstone

¢: coarse-grained sandstonc
p: pebble conglomerate

Datum: calcrete zone at the base
of the upper Cedar Mountain Fm.

Thickness in meters

The coarse grain size, predominance of clast-supported conglomerate, ited by migration of sandy bedforms during waning and post-flood stages
abundance of trough and planar cross-stratification, and laterally continuous  of flow (e.g., Rust 1972; Ramos and Sopefia 1983). Paleocurrent data from
nature of the conglomerate bodies indicate that the Buckhorn Conglomerate  trough and planar cross-stratification in both the conglomerate and inter-
was deposited in laterally unstable, interconnected, gravelly braided fluvial  bedded sandstone indicate a north-northeastward direction of paleoflow
channels (e.g., Williams and Rust 1969; Mial 1977; Rust 1978). The co-  (Fig. 5C; Fig. 3). Mudstones in the Buckhorn are interpreted as overbank
alesced lenticular conglomerate bodies represent gravelly, high-flow-stage  deposits that were disrupted and homogenized by pedogenic processes.
macroforms, whereas the thin lenses of interbedded sandstone were depos- Paleocurrent and isopach data indicate that the Buckhorn Conglomerate
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TasLe 2—Lithologic and sedimentologic characteristics, Morrison and Cedar Mountain formations.

Paleo-
current
Formation/ Orienta
Member Thickness Geometry, Bedding, Lithology Sedimentary Structures tions Fossils Interpretation
Morrison Fm.
Windy Hill Mbr. 05-3m tabular, very fine- to medium-grained, low-angle planar/horizontal lamination, marine bivalve Os- shallow marine, foreshore
thin- to thick-bedded, light gray to primary current lineations, symmetrical, trea
white sandstone straight-crested ripples, small-scale
trough cross-stratification
Tidwell Mbr. 3-14m tabular, very fine- to medium-grained, me-  symmetrical, sinuous-, straight-crested rip- tidal sand flat
dium to thick bedded, tan to white ples
sandstone
lenticular, very fine- to medium-grained, small-scale, ripple- and trough cross-lami- tidal/estuary channel
medium to thick bedded, tan to white nation, ripple reactivation surfaces
sandstone
tabular, structureless to thinly laminated, symmetrical ripples, wavy bedding, mud- tidal flat, lagoon
locally fissile, thin- to very thick-bed- cracks
ded mudstone
Salt Wash Mbr. 9-65m laterally continuous, coalesced lenses of trough and ripple cross-stratification, hori- E-SE sandy, braided fluvial chan-
(lower) thick- to very thick-bedded, upward- zontal lamination nels
fining, coarse- to very fine-grained,
white-tan sandstone with abundant mud
ripup clasts
gray, green, red, medium- to very thick- structureless to mottled, common root aluvid plain
bedded mudstone with abundant calcar- traces
eous nodules
dark gray to green, medium- to thick-bed- nonmarine charo- shallow lakes/ponds
ded fissile shale, interbedded gray, silty phytes and mol-
micritic limestone luscs (Schudack et
al. 1998)
fine- to medium-grained, well sorted, very Giant (up to 8 m thick), planar-tangential E-NE eolian dunes
thick-bedded, white to reddish-gray cross-gtratification with abundant thin
sandstone parallel, inversely graded lamination
Salt Wash Mbr. 12-40m laterally continuous, coalesced lenses of trough and planar cross-stratification, pri- E-SE sandy/gravelly braided flu-
(upper) thick- to very thick-bedded, upward- mary current lineations, small-scale vial channels
fining, tan-gray pebble/granule con- asymmetrical ripple cross-lamination
glomerate and very coarse- to fine-
grained sandstone
gray and green/red, medium- to very structureless to mottled, common root palynomorphs aluvid plain
thick-bedded mudstone with abundant traces
calcareous nodules
Brushy Basin Mbr. 20-45m laterally continuous to laterally restricted, trough and planar cross-stratification, NE-SE braided to meandering flu-
(lower) thick- to very thick-bedded, upward- asymmetrical ripple cross-lamination, vial channels
fining, tan-gray pebble/granule con- plane-parallel lamination, primary cur-
glomerate and very coarse- to fine- rent lineation, ~3 m high lateral-accre-
grained sandstone; sandstone bodies be- tion surfaces near top
come more |aterally restricted upsection
red, green, and gray, medium- to very structureless to mottled, root traces, cu- aluvid plain
thick-bedded sandy mudstone with tans, and blocky peds
abundant cal careous nodules
Brush Basin Mbr. 44-68 m dark green/gray, thinly laminated to mas- root traces, rare desiccation cracks NE-SE aluvid/lacustrine plain
(middle) sive, thick- to very thick-bedded, smec-
titic mudstone, nodular carbonate and
gypsum (selenite) crystals present in
some horizons
tabular to lenticular, white, greenish-yel- structureless to thinly laminated volcanic ashes deposited by
low, red, thin- to medium-bedded, air fall on the aluvia
waxy bentonite containing euhedral ap- plain or in shalow lacus-
atite, zircon, biotite, plagioclase, and trine settings
sanidine crystals and rounded quartz
grains
tabular to lenticular, medium- to thin-bed- structureless to symmetrical ripple cross- nonmarine gastro- shallow lakes/ponds
ded siltstone and micritic limestone lamination pods, charophytes
Brushy Basin Mbr. lenticular, upward-fining, thin- to very trough and planar cross-stratification, a- abundant dinosaurs laterally stable, low-sinuosi-
(middle) thick-bedded, tan-gray pebble conglom- though portions appear massive to ty fluvial channels
erate and very coarse- to medium- crudely horizontally stratified
grained sandstone, 2-15 m thick and
up to 1 kmin lateral extent
lenticular to tabular, thin- to medium-bed- structureless to asymmetric ripple cross- secondary fluvial channels,
ded, silty to fine-grained, gray sand- laminated crevasse splays
stone
Brush Basin Mbr. 25-45m red, purple, white, yellow, gray, and NE-SE aluviad plain

(upper)

green, sandy, siliceous, medium- to
very thick-bedded mudstone; a distinc-
tive red/white color banding is preva-
lent in the upper 15 m of the unit
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Paleo-
current
Formation/ Orienta
Member Thickness Geometry, Bedding, Lithology Sedimentary Structures tions Fossils Interpretation
lenticular, upward-fining, thin- to very  trough and planar cross-stratification and laterally stable, low-sinuosi-
thick-bedded, white-tan pebble conglom- horizontal stratification ty fluvial channels
erate and very coarse- to medium-
grained sandstone bodies, 3-10 m thick
and up to 300 m wide.
tabular, very fine-grained, white-tan sand- horizontal lamination and asymmetrical
stone and siltstone beds that contain ripple cross-lamination
sharp, nonerosive bases
Cedar Mountain Fm.
Buckhorn 1-35m laterally continuous, coalesced lenses of trough and planar cross-stratification, hori- N-NE gravelly, sandy braided flu-
Conglomerate Mbr. thick- to very thick-bedded, upward-fin- zontal stratification, primary current lin- via channels
ing, gray, clast-supported conglomerate eations, small-scale asymmetrical ripple
with individual clast sizes up to 12 cm cross-lamination
in diameter and very coarse- to fine-
grained sandstone
green, white, red, medium- to very thick- mottled to structureless, rare root traces aluvid plain
bedded sandy mudstone
upper Cedar 15-40 m laterally continuous, 1-10 m thick zone of pisolites, replaced detrital grains and argil- unconformity-related petro-
Mountain Fm. large (up to 40 cm diameter) coalesced laceous material, floating pebbles, small- calcic horizon
gray/purple micritic carbonate nodules, er, concentrically laminated, brecciated
and white/gray, laminar to massive mi- nodules, spar-filled vugs, veins of sparry
critic carbonate celcite and silica
green, red, and dark gray to black sandy structureless to mottled, common root trac- aluvid plain
mudstone; calareous nodules abundant es
in the lower % of the unit; carbonaceous
in upper % of unit
lenticular, medium- to thin-bedded, gray  structureless to weakly laminated nonmarine gastro- shallow lakes/ponds
micritic limestone pods, charophytes
and ostracodes
lenticular, upward-fining, thin- to very  trough cross-stratification, small-scale rip-~ NE laterally stable, low-sinuosi-

thick-bedded, tan, very coarse- to very
fine-grained sandstone bodies up to 4 m

ple cross-lamination, primary current
lineations

ty fluvial channels

thick and 300 m wide. Sandstone bodies
increase in size and abundance up-sec-
tion and may be stacked verticaly

was deposited in an ~ 25 km wide northeast-southwest-trending trunk
fluvia system. The confined nature of conglomerate distribution, the sym-
metrical thinning patterns observed east and west of the trunk axis, and the
absence or thinning of the upper Brushy Basin Member where the Buck-
horn is present imply that the Buckhorn Member represents the filling of
avalley eroded into the underlying Morrison Formation. The upward-fining
nature of the coarse-grained fraction and the increase in overbank mudstone
toward the top of the unit indicate an overall decrease in stream gradient
during Buckhorn deposition. This change conforms with predicted fluvial
gradients and sedimentation patterns associated with the latter stages of
valley-fill sequences (e.g., Shanley and McCabe 1994).

Upper Cedar Mountain Formation.—The upper Cedar Mountain For-
mation consists of 15-40 m of interbedded sandstone, mudstone, and lime-
stone. The unit is present throughout the study area, athough it thins sig-
nificantly from west to east (Fig. 3). The base of the unit is defined by the
first occurrence of a 1-10 m thick, nodular to crudely laminar or structure-
less calcrete horizon lying on top of the Buckhorn Conglomerate Member
or the Brushy Basin Member (Fig. 7A). In some locations the calcrete zone
consists of gray/purple carbonate nodules up to 40 cm in diameter (Fig.
7A). These nodules are enclosed in a purple-green, sandy mudstone matrix.
Large nodules are locally coalesced into laterally continuous beds up to 10
m thick, or are separated by 1-10 cm of enclosing matrix. These nodules
contain massive to concentrically laminated, microcrystalline and sparry
calcite encompassing smaller (< 3 cm), brecciated or laminated nodules.
Small vugs and thin veins of sparry calcite and silica are common. These
nodules may contain partially replaced sand grains or streaks of argilla-
ceous material.

Laminar to structureless calcrete zones consist of up to 10 m of white/

gray micritic to sparry and pisolitic cacrete. These calcretes consist of
structureless sparry and microcrystaline calcite that partially and fully re-
places detrital grains. In many cases large chert pebbles can be observed
floating in a micritic matrix (Fig. 7B). In addition, the massive calcrete
contains small (1-20 mm) nodules of angular and concentrically laminated
sparry and microcrystalline calcite. The small indurated nodules also con-
tain partialy replaced sand grains of the host sediment. In many locations,
structureless and laminar calcrete overlies nodular calcrete horizons.

The nodular and massive calcretes at the base of the upper Cedar Moun-
tain are interpreted as a mature pedogenic carbonate (Stages V or VI of
Machette 1985) that formed during development of an unconformity fol-
lowing deposition of the Buckhorn Conglomerate Member. The thick and
well indurated nature of the calcrete zone may reflect early diagenesis and
recrystallization due to fluctuating groundwater levels and changes in
groundwater chemistry (e.g., Arakel 1986; Khalaf 1990; Spdtl and Wright
1992). Whether formed by primary pedogenic processes or later ground-
water modification, the presence of the basal calcrete indicates an arid to
semiarid climate during the time of formation. The widespread distribution
and great thickness of the calcrete zone suggests that it formed at a time
of little or no deposition in the study area. Modern calcretes with similar
characteristics form on landscapes that have been dominantly nonaggra-
dational for > 5 m.y. (Machette 1985). As such, this calcrete zone may
represent a regional unconformity that developed following deposition of
the Buckhorn Conglomerate.

Above the basal calcrete zone, the upper Cedar Mountain Formation
consists of 10-30 m of mudstone, sandstone, and minor limestone (Table
2). Upper Cedar Mountain sediments are the deposits of a poorly drained,
fluvia/lacustrine plain. Mudstone in the upper Cedar Mountain Formation



640

il gt
L .a.-.'.""é:" %A S
_.'.|.=..' z _‘_—. - i -

Fic. 4—OQutcrop photographs of the Morrison Formation. A) Upper Salt Wash
Member braided fluvial channel sandstone at 1FD section. Sandstone is ~ 25 m
thick at thislocation. B) Lower and middle part of the Brushy Basin Member, TCW
section. Arrow points to boundary between the two units. Middle Brushy Basin
fluvial channel crops out near the top of the hill. Hill is capped by the Buckhorn
Conglomerate. C) Altered, upper part of the Brush Basin Member near 2IP section.
Arrow marks the contact between the Morrison and Cedar Mountain Formations.
Cedar Mountain fluvial channel sandstones crop out halfway up the slope, and the
ridge is capped by Dakota Formation sandstone.

is interpreted as overbank sediment that accumulated on the aluvid plain
during floods. The massive nature of the mudstones and the horizons of
nodular carbonate indicate pedogenic modification of overbank material.
The thin micritic limestone beds within the unit are interpreted as shallow
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lacustrine deposits. The lenticular sandstone bodies are deposits of laterally
stable fluvial channels. Paleocurrent data from these sandstone bodies in-
dicate a northeastward transport direction (Fig. 5D). The lack of lateral
accretion surfaces and the laterally discontinuous nature of the channel
bodies suggest that the main form of channel migration was by avulsion.
The general increase in channel size, decrease in carbonate nodules, and
preserved carbonaceous material in mudstones near the top of the formation
indicate that climate may have been more humid in the late stages of Cedar
Mountain deposition relative to conditions during formation of the basal
calcrete.

Summary

The Morrison Formation can be subdivided into three related facies as-
semblages. The first of these contains the Windy Hill, Tidwell, and lower
Salt Wash Members. These units were deposited as shallow marine, tidal,
lacustrine, fluvial, and eolian facies following retreat of Redwater Member
marine depositional systems. The second assemblage consists of upper Salt
Wash Member sandy and gravelly braided fluvial facies, and lower Brushy
Basin Member meandering fluvia facies. The upper Salt Wash records
increasing amalgamation of fluvia channel facies and progradation of
coarse-grained material into the study area from the west. The lower unit
of the Brushy Basin Member represents decreasing fluvial gradients and
floodplain stabilization that resulted in generation of well developed paleo-
sols. The third Morrison assemblage is composed of the stable, low-sinu-
osity, fluvial channel facies of the middle and upper units of the Brushy
Basin Member. Smectitic mudstone and bentonite beds in the middle
Brushy Basin indicate a probable volcanic source for much of the fine-
grained sediment. The upper part of this assemblage shows evidence of
sediment ateration and early diagenesis related to development of the re-
gional K unconformity of Pipiringos and O’ Sullivan (1978).

The overlying Cedar Mountain Formation can be divided into two facies
assemblages. The first of these consists of the Buckhorn Conglomerate
Member, which was deposited by a northeast-trending gravelly fluvia sys-
tem that filled a 25 km wide valley incised into the underlying Brushy
Basin Member. The upper parts of the Buckhorn Conglomerate Member
contains finer-grained sediments associated with the late stages of valley
fill. The second facies assemblage consists of upper Cedar Mountain For-
mation low-sinuosity fluvial and lacustrine facies. This assemblage is sep-
arated from the underlying Buckhorn Conglomerate and Brushy Basin
Member by a possible unconformity marked by aregionally extensive nod-
ular to massive calcrete horizon.

SEDIMENTARY PETROLOGY
Methods

Sixty-eight standard petrographic thin sections of Morrison and Cedar
Mountain sandstone from the study area were point counted using the Gaz-
zi-Dickinson method (Ingersoll et a. 1984). Thin sections were stained for
both potassium and plagioclase feldspars, and at least 450 grains per dide
were counted. The point-counting parameters are listed in Table 3.

Results

Sandstones in the Morrison and Cedar Mountain formations contain
quartz, feldspar, and various lithic grains. Quartz grains range from very
fine to very coarse, and are principaly well rounded, nonundulose, and
monocrystalline (Qm). Feldspar (F) is present as monocrystalline, coarse-
to fine-sand grains that are moderately to well rounded. Potassium feldspar
(K), including microcline and orthoclase, constitutes the mgjority of feld-
spar in most samples, athough plagioclase (P) is abundant in some sam-
ples. The lithic (Lt) component of Morrison and Cedar Mountain sand-
stones consists primarily of chert (C) grains with lesser proportions of
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Fic. 5—A) Paleocurrent orientations from the upper Salt Wash Member at measured section locations (dark circles) in the study area. Each arrow represents the average
trough axis determined from 10 or more measurements of trough limbs per station according to method | of DeCelles et a. (1983). B) Paleocurrent orientations from the
upper Brushy Basin Member in the study area. C) Paleocurrent and isopach map of the Buckhorn Conglomerate Member in the study area showing northeast-trending
distribution of the unit. Open circles represent well locations used in subsurface thickness calculations. Isopach thickness is in meters. D) Paleocurrent orientations from

the upper Cedar Mountain Formation in the study area.

polycrystalline quartz (Qp) and volcanic lithic (Lv) grains. Volcanic lithic
grains consist of altered vitric tuff fragments. In most grains, original tex-
tures have been atered to smectitic clays, but some exhibit vitric shards
and remnant flow textures. Small feldspar phenocrysts, opague microlites,
euhedra biotite crystals, and aggregates of small quartz crystals are present
in some Lv grains. Chert types include pure, spicular, fossiliferous, chal-
cedonic, and silty varieties. Qp grains are composed of very fine- to coarse-
sand grains that contain polygonized, elongate, and sutured crystals.

Recalculated point-count data from the Morrison and Cedar Mountain
formations are listed in Table 4. Compositionally, these sandstones can be
divided into three petrofacies: alower Morrison petrofacies, an upper Mor-
rison petrofacies, and a Buckhorn/Cedar Mountain petrofacies. The lower
Morrison petrofacies includes sandstones from the Windy Hill, Tidwell,
and lower Salt Wash Members, the upper Morrison petrofacies includes
sandstones from the upper Salt Wash and Brushy Basin Members (Fig. 8A,
B).
The lower Morrison petrofacies has average framework compositions of
%QFL = 79, 19, 2; %QmFLt = 70, 19, 11; and %QmFC = 74, 20, 6.
The average ratio of plagioclase to total feldspar is0.41. Lithic components
in lower Morrison sandstones consist of subequal proportions of chert and
polycrystaline chert with lesser amounts of lithic volcanics (average
%QpLvC = 34, 20, 46).

The upper Morrison petrofacies has average framework compositions of

%QFL = 92, 5, 3; %QmFLt = 54, 5, 41; %QmFC = 59, 5, 36. The
average ratio of plagioclase to total feldspar is 0.33. Lithic grains from the
upper Morrison sandstones are dominated by chert, with the average C/Lt
= (.78. Sandstones from the upper Morrison petrofacies also contain the
largest average percentage of lithic volcanic fragments found in the Mor-
rison-Cedar Mountain stratigraphic section, with average %L v/total frame-
work grains = 3.

The Buckhorn/Cedar Mountain petrofacies has average framework com-
positions of %QFL = 95, 4, 1; %QmFLt = 69, 4, 27; and %QmFC =
72, 4, 24. The average ratio of plagioclase to total feldspar is 0.34. Al-
though similar, Buckhorn/Cedar Mountain sandstones are distinguished
from upper Morrison sandstone by their increased content of quartz and
decreased content feldspar, chert, and lithic volcanics.

Provenance Interpretation

Morrison sandstones lie within the ** continental block’” and ‘‘recycled
orogen’” provenance fields of Dickinson et a. (1983), whereas Cedar
Mountain sandstones lie entirely within the recycled orogen field. The in-
dication of both a continental block and recycled orogen provenance for
Morrison sandstones suggests that there may be a possible mixture of
source-area rock types. The presence of potassium feldspar in both Mor-
rison and Cedar Mountain sandstones indicates derivation from several pos-
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Fic. 6.—A) Outcrop of Buckhorn Conglomerate Member at IMHQ section. B)
Close-up photograph of Buckhorn Conglomerate at IMHQ section. Scaleisin cen-
timeters (left) and inches (right).

sible sources, including Precambrian basement rocks, Mesozoic plutonic
rocks, and reworked Mesozoic—Pa eozoic arkosic sedimentary rocks. The
high quartz content of these sandstones denotes a contribution of mature
sediment from weathered basement rocks or reworked quartzose sand-
stones. The abundance of chert grains indicates weathering of supracrustal
sedimentary rocks, whereas volcanic rock fragments suggest a magmatic-
arc-related source.

Source-area locations can be inferred through evaluation of Morrison—
Cedar Mountain sediment dispersal pathways. Paleocurrent data from the

TasLE 3.—Petrographic point-counting parameters.

Symbol Definition

Raw Parameters

Qm monocrystaline quartz

Qp polycrystalline quartz

P plagioclase

K potassium feldspar

Lv volcanic rock fragments

Ls fine-grained sedimentary rock fragments

C chert, including chalcedony
Recalculated Parameters

Q total quartzose grains (Qm + Qp + C)

F total feldspar (P + K)

L total unstable lithic grains (Lv + Ls)

Lt Lv+Ls+ C+ Qp

Fic. 7—A) Large calcrete nodules from the base of the upper Cedar Mountain
Formation weathering out of a hillslope near 1DP section. B) Close-up of massive
calcrete at 1DP section showing chert pebbles floating in micritic calcrete matrix.
C) Fine-grained interval in the Cedar Mountain Formation at 10D section displaying
numerous nodular carbonate horizons in the lower two-thirds of the outcrop. Mud-
stone in the upper third of the outcrop is carbonaceous and contains no nodular
carbonate.

Morrison indicate sediment transport from a western source area, whereas
Buckhorn and Cedar Mountain detritus was transported from the southwest
(Fig. 5). In view of the paleocurrent data, a Precambrian basement source
for quartz and feldspar in the Morrison and Cedar Mountain formations is
unlikely. Possible causes of early uplift in the Cordillera west of the study
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TasLe 4—Recalculated point-count data from Morrison and Cedar Mountain formation sandstones.

% QFL % QmFLt % QmFC
Sample* Membert Q F L Qm F Lt Qm F C % Lv PIP + K
Lower Morrison Petrofacies
1RF 0.6 wh 75.90 23.70 0.40 72.90 2371 339 73.20 23.80 3.00 0.40 0.48
1RF 13 wh 78.32 21.02 0.66 74.78 21.02 4.20 75.79 21.30 291 0.66 0.44
1UP32 w 72.32 27.46 0.22 60.71 27.46 11.83 66.50 30.08 342 0.22 0.29
1RF 10.1 t 83.19 13.90 291 74.67 1390 1143 81.22 15.12 3.66 291 047
1RF 155 t 75.71 20.13 4.16 69.80 20.13 10.07 74.88 21.60 352 461 0.33
1P 6.8 t 7212 27.65 023 66.60 27.65 5.75 69.52 28.86 1.62 0.22 0.38
1P 125 t 76.35 21.85 1.80 7117 21.85 6.98 7435 22.82 2.83 1.80 0.33
1P 132 d 88.33 7.49 418 70.04 749 2247 78.91 8.44 12.65 419 059
1P 205 d 89.86 5.86 4.28 50.22 5.86 43.92 57.62 6.72 35.66 4.28 0.46
1P 324 d 70.60 26.73 2.67 65.03 26.73 8.24 68.87 28.30 2.83 267 0.37
1P 36.2 d 69.62 27.66 272 66.90 27.66 5.44 69.58 28.77 1.65 272 0.40
1P 37.0 d 79.78 1844 1.78 74.89 18.44 6.67 79.29 1953 118 1.78 0.55
1P 389 d 69.33 3067 0.00 66.31 30.67 3.02 67.92 3142 0.66 0.00 0.44
1P 49.4 d 78.93 19.96 111 76.71 19.96 333 77.93 20.27 1.80 111 0.48
TCW 38.0 El 90.22 8.00 1.78 80.00 8.00 12.00 84.71 8.47 6.82 178 0.22
1DP 30.0 d 87.12 1044 244 7245 1044 17.11 7125 1114 11.61 244 0.26
Upper Morrison Petrofacies
1FD 70.0 su 94.22 0.89 4.89 8111 0.89 18.00 88.59 0.97 10.44 4.89 0.25
1RF 41.0 su 89.58 5.76 4.66 69.63 5.76 24.61 77.92 6.45 15.63 4.66 0.27
1RF 411 su 93.67 253 380 39.66 2.53 57.81 4541 2.90 51.69 380 0.25
1RF 59.0 u 97.43 021 2.36 25.70 021 74.09 2817 0.23 71.60 2.36 0.00
1RF 819 su 92.43 3.56 401 22.94 356 7350 28.37 441 67.22 401 0.56
1RF 84.5 su 94.28 0.88 484 27.69 0.88 7143 3197 1.02 67.01 484 0.25
1P 527 su 90.00 5.78 422 56.22 5.78 38.00 61.25 6.30 3245 422 0.50
1P 5238 u 90.66 843 091 55.81 843 3576 69.02 10.42 2056 091 041
1P 53.8 su 84.10 8.06 7.84 55.99 8.06 35.95 69.46 10.00 2054 7.84 0.27
1P 63.0 su 94.26 331 243 55.41 331 41.28 66.75 399 29.26 243 0.40
1P 705 su 96.73 210 117 40.89 2.10 57.01 43.86 2.26 53.88 117 0.22
1RF 102.5 bl 7754 20.08 2.38 7343 20.09 6.48 76.75 20.99 2.26 2.38 041
1RF 110.0 bl 96.84 316 0.00 20.99 316 75.85 2235 337 74.28 0.00 071
TCW 97.5 bl 85.33 12.89 178 74.67 12.89 12.44 81.16 14.01 483 178 0.26
1RF 136.8 bm 82.70 1397 333 78.49 1397 754 8251 14.69 2.80 333 0.49
1RF 144.7 bm 78.20 17.75 4.05 70.12 17.75 12.13 76.10 19.27 4.63 4.04 0.42
1RF 160.1 bm 8273 7.95 9.32 63.64 7.95 2841 74.07 9.26 16.67 9.32 057
2IP 156.5 bm 88.22 6.00 578 72,67 6.00 21.33 79.95 6.60 1345 0.00 0.30
1TD 179.0 bm 90.45 6.44 311 70.00 6.44 2356 71.78 7.16 15.06 311 0.14
1TD 179.9 bm 9355 1.56 489 54.66 1.56 4378 59.56 170 3874 489 0.00
TCW 155.0 bm 88.89 178 9.33 39.55 178 58.67 4541 2.04 52.55 9.33 0.25
RWD 146.0 bm 93.56 2.00 4.44 55.33 2.00 42,67 58.59 212 39.29 4.44 0.33
1FD 194.0 bu 94.23 333 244 74.00 3.33 22,67 77.9 351 1850 244 0.07
1FD 196.0 bu 95.55 356 0.89 61.33 356 3511 63.74 370 3256 0.89 0.00
1SC 22.0 bu 99.11 0.22 0.67 2272 0.22 77.06 2550 0.25 74.25 0.67 1.00
1SR 1.6 bu 97.35 221 0.44 73.07 221 24.72 7557 2.28 2215 0.44 0.70
1RF 190.0 bu 82.89 1311 4.00 66.67 1311 20.22 71.26 14.01 1473 4.00 047
1SMA 1.6 bu 96.66 111 2.23 2339 111 75.50 25.80 123 7297 2.23 0.40
1SMA 145 bu 98.66 0.67 0.67 52.44 0.67 46.89 56.59 0.72 42.69 0.67 0.33
1SMA 226 bu 96.44 3.56 0.00 78.88 356 17.56 81.24 366 15.10 0.00 0.44
1SMA 30.4 bu 99.78 0.00 0.22 3711 0.00 62.89 38.75 0.00 61.25 5.78 0.00
1SMA 325 bu 99.33 0.00 0.67 4778 0.00 52.22 52.18 0.00 47.82 0.22 0.00
21P 196.0 bu 99.56 0.22 0.22 1511 0.22 84.67 16.31 0.24 83.45 5.78 0.00
2P 2025 bu 96.89 267 0.44 8355 2.67 13.78 86.64 2.76 10.60 0.22 0.33
1P 196.6 bu 95.99 2.23 1.78 37.86 2.23 59.91 42,07 248 55.45 178 0.60
Cedar Mountain Petrofacies
TCW 186.0 be 96.44 2.67 0.89 67.33 2.67 30.00 72.49 2.87 24.64 0.89 017
IBC 152.0 be 98.89 111 0.00 85.78 111 1311 86.93 113 11.94 0.00 1.00
MHQ 136.2 be 90.67 533 4.00 54.45 533 40.22 60.19 5.90 3391 4.00 0.83
MHQ 150.0 be 99.34 0.22 0.44 64.89 0.22 34.89 68.55 0.23 3122 0.44 0.00
MHQ 154.0 be 99.34 0.22 0.44 3178 0.22 68.00 34.46 0.24 65.30 0.44 0.00
MHQ 164.5 be 96.65 2.90 0.45 80.81 2.90 16.29 84.58 3.04 12.38 0.45 0.23
1SC 58.5 uc 97.68 116 116 36.43 116 62.41 40.26 128 58.46 116 0.00
1SR 584 uc 90.61 8.95 0.44 86.90 8.95 4.15 88.84 9.15 2.01 0.44 0.66
1RF 234.7 uc 86.27 11.33 240 7364 11.33 15.03 77152 11.93 10.55 240 0.33
1SMA 439 uc 93.56 6.44 0.00 61.78 6.44 3178 65.72 6.86 27.42 0.67 0.38
2P 2385 uc 90.00 911 0.89 75.78 9.11 1511 78.94 9.49 1157 0.44 0.22
2IP 242.0 uc 96.67 244 0.89 70.89 244 26.67 7333 2.53 24.14 0.89 0.18
1BC 183.9 uc 94.22 5.56 0.22 82.66 5.56 11.78 85.13 5.72 9.15 0.22 0.44
MHQ 1735 uc 96.22 378 0.00 85.55 378 10.67 87.70 387 843 0.00 0.12
MHQ 187.0 uc 96.89 2.89 0.22 49.11 2.89 48.00 50.58 297 46.45 0.22 0.31
11C 176.0 uc 99.33 0.67 0.00 7555 0.67 2378 8173 0.72 17.55 0.00 0.67
1DP 187.0 uc 98.45 1.33 0.22 8311 133 15.56 90.12 145 843 0.22 017

* Sample |abels indicate measured section locations (see Figure 1) and stratigraphic position above the base of the section.
‘T Member abbreviations are as follows: w = Windy Hill Mbr.; s = lower Salt Wash Mbr.; su = upper Salt Wash Mbr.; bl = lower Brushy Basin Mbr.; bm = middle Brushy Basin Mbr.; bu = upper Brushy Basin
Mbr.; bc = Buckhorn Conglomerate; uc = upper Cedar Mtn.
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Fic. 8—Ternary diagrams showing framework compositions of Morrison and
Cedar Mountain sandstones in the study area. A) QmFLt compositions of lower
Morrison (squares), upper Morrison (circles), and Buckhorn/Cedar Mountain (tri-
angles) petrofacies. B) Average QmFC plot for Morrison and Cedar Mountain For-
mation Sandstones showing the dominance of chert in the lithic grain proportions.
Polygonal outlines represent the area within one standard deviation of the mean. See
Table 3 for definitions of parameters.

area could have involved thrusting, thermal upwarping, or subduction-re-
lated generation of topography (Royse et al. 1975; Wiltschko and Dorr
1983; Heller and Paola 1989; Y onkee 1992; Coogan 1992; Lawton 1994).
All of these possible causes would have involved erosion of primarily su-
pracrustal rocks. In addition, a Mesozoic plutonic source is also unlikely.
Middle and Late Jurassic plutonic rocks that are found today in western
Utah and eastern Nevada were probably not broadly unroofed during Mor-
rison and Cedar Mountain deposition (e.g., DeCelles and Burden 1992
Hudec 1992). However, volcanic rocks related to these intrusive bodies
may have supplied the volcanic lithic grains that are present in some Mor-
rison and Cedar Mountain sandstones (DeCelles and Burden 1992).
Morrison and Cedar Mountain stratawere most likely derived from lower
Mesozoic, Paleozoic, and Proterozoic sedimentary rocks to the west and
southwest of the study area. Likely sources of the abundant feldspar in
lower Morrison sandstones include arkosic sedimentary rocks of the Penn-
sylvanian—Permian formations in northern Utah and southern Idaho (All-
mendinger 1983), the Triassic Ankareh Formation, and Jurassic Nugget and
Pruess formations found today in the Utah-Idaho-Wyoming thrust belt
(Sippel 1982; DeCelles et a. 1992). The high quartz content of both Mor-
rison and Cedar Mountain sandstones also could have been derived from
these arkosic sedimentary rocks, as well as the Pennsylvanian Weber For-
mation and Oquirrh Group, and Proterozoic-Devonian quartzites in north-
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ern and centrd Utah (Armstrong and Cressman 1963; Hintze 1988).
Sources for the abundant chert grains in Morrison and Cedar Mountain
sandstones can be found in Paleozoic chert-bearing sedimentary rocks of
the Sevier thrust belt and the Cordilleran hinterland in Utah, Nevada, and
Idaho (Peterson 1987; Yingling 1987; DeCelles and Burden 1992). Chert-
bearing rocks of similar age also are abundant in the hinterland southwest
of the study area, the inferred source area of the Buckhorn Conglomerate
(Stokes 1944; Yingling and Heller 1992).

The unroofing sequence that would have resulted from erosion of these
Proterozoic, Paleozoic, and Mesozoic source rocks generaly fits vertical
compositional trends found in Morrison and Cedar Mountain sandstones
(Fig. 9). Initial erosion of Mesozoic and upper Paleozoic arkosic sediments
from source areas west of the study area would account for the high per-
centage of well-rounded feldspar grains in the lower Morrison petrofacies.
Continued erosion and increasing dissection of underlying Carboniferous—
Permian chert-bearing rocks would account for the increasing abundance
of chert in upper Morrison sandstones.

Although paleocurrent data indicate a shift in sediment dispersal path-
ways following Morrison deposition, the abundance of upper Paeozoic
chert in Buckhorn sandstones and conglomerates suggests a similar un-
roofing history in source areas to the southwest. The decrease in chert and
increase in quartz in upper Cedar Mountain sandstones may have resulted
from continued erosion and decreased availability of Upper Paeozoic
chert-bearing sediments and the initial exposure of Proterozoic-Devonian
quartzites in the source area. This hypothesis is supported by the presence
of Proterozoic-ower Paleozoic quartzite clasts in Lower Cretaceous con-
glomerates in central Utah, to the west of the study area (DeCelles et d.
1995).

An evaluation of the provenance data gives an indication of the timing
of initiation of thrusting in the central Cordillera. Earlier workers have
suggested that the source for Late Jurassic and Early Cretaceous sediments
in the western interior was associated with emplacement of the Paris-Wil-
lard thrust sheet in northern Utah and southeastern Idaho (Armstrong and
Cressman 1963; Jordan 1981; Wiltschko and Dorr 1983). This interpreta-
tion was based primarily on a correlation of the conglomerate at Red Moun-
tain, Idaho with the lower part of the Lower Cretaceous Gannett Group in
the Idaho-Wyoming thrust belt (Mansfield 1927; Armstrong and Cressman
1963). A detailed analysis by DeCelles et a. (1993) has shown that the
conglomerate at Red Mountain is actually alocal facies within the Aptian
Bechler Formation, and was produced as a result of initial displacement on
the Mead thrust and coeval uplift of the inactive Paris thrust sheet. The
age of the Bechler suggests that most of the ~ 60 km displacement on the
Paris thrust (Coogan 1992) occurred prior to Aptian time. In addition, 4°Ar/
39Ar ages for sericite in syndeformationa veins in the Willard thrust sheet
in northern Utah indicate that motion on the Willard thrust occurred be-
tween 140-110 Ma (Y onkee 1990). Although this age post-dates deposition
of most of the Morrison Formation in the study area, the ages determined
may be related to cooling during the later stages of emplacement of the
Willard sheet or during initial Meade thrusting (W.A. Yonkee, persona
communication 1995). This suggests that uplift and erosion of the Mesozoic
and Paleozoic rocks in the hanging wall of the Willard sheet may have
supplied Morrison detritus during the Late Jurassic. In addition, two older
thrust terranes in western Utah were emplaced prior to Willard thrusting
(Camilleri et a. 1997). These thrust sheets also contained Mesozoic and
upper Paleozoic rocks that could have contributed most of the grain types
in Morrison Formation sandstones and conglomerates (DeCelles and Bur-
den 1992; Camilleri et a. 1997).

On the basis of composition and direction of sediment transport, the
Buckhorn Conglomerate and upper Cedar Mountain Formation were most
likely derived from Proterozoic—Permian source rocks located southwest of
the study area. Likely source terranesinclude the Canyon Range and Pavant
thrust sheets in central Utah, the San Francisco and Wah Wah Mountains
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Fic. 9.—Generalized provenance map for the
Morrison and Cedar Mountain formations in the
study area. Arrows represent direction of
sediment transport for the upper Morrison and
Buckhorn/Cedar Mountain Formation petrofacies
determined by paleocurrent orientations. The
column to the left of the map is a schematic
representation of the stratigraphic section in the
eastern Cordillera, with the age of possible

utlco source lithologies for the Morrison and Cedar

thrust sheets in southwestern Utah, and the Sevier belt of southeastern
Nevada (Yingling and Heller 1992; Currie 1994, 1995).

Although the Paleozoic-Proterozoic sedimentary section in the thrust
belt could have supplied the mgjority of grains and clast types found in
Buckhorn and Cedar Mountain, Yingling and Heller (1992) indicated that
the lack of a westward-thickening correlative to the Buckhorn Conglom-
erate indicates that thrusting in the Sevier Belt did not begin until depo-
sition of the Cedar Mountain Formation. DeCelles et . (1995) suggested
that thrusting in the central Utah segment of the Sevier belt was initiated
with displacement on the Canyon Range thrust during late Neocomian time.
This is based on the interpreted age of the Cedar Mountain Formation in
the western Wasatch-Gunnison Plateau region. However, conglomerates
near the base of the Cedar Mountain Formation along the west flank of the
Wasatch Plateau contains Ordovician-Devonian quartzite clasts (DeCelles
et a. 1995). This suggests that the source area had been uplifted and un-
roofed deeply enough to expose the lower Paleozoic section by late Neo-
comian time. Structural reconstruction of the Canyon Range thrust indicates
that a minimum of ~ 40 km of displacement was necessary by late Neo-
comian time to bring lower Paleozoic rocks in the hanging wall to the
surface to be eroded and incorporated as clasts in Cedar Mountain con-
glomerates (Currie 1997h). This amount of displacement suggests that
thrusting in the central Sevier belt began earlier than late Neocomian time,
and may have been active during deposition of the Buckhorn Conglomerate
and the Morrison Formation. In addition, the fact that the upper Morrison
and Buckhorn—Cedar Mountain petrofacies are nearly identical (Fig. 8) in-
dicates that source areas and perhaps uplift mechanisms were similar. This
implies that thrusting in the Sevier belt may have been active during Late
Jurassic uplift of Morrison Formation source areas.

REGIONAL CORRELATIONS

Figure 9 shows a generalized correlation between the western Wasatch
Plateau and San Rafael Swell in centra Utah and the study area This
correlaion incorporates the author's unpublished stratigraphic data from
the San Rafael Swell and Wasatch Plateau regions of central Utah.

Evaluation of measured sections and comparison of paleocurrent data
from the Morrison and Cedar Mountain of central Utah indicate deposi-

N Cedar Mountain Fm.
Buckhorn Conglomerate

Il Upper Morrison Fm.
Lower Morrison Fm.

Mountain petrofacies bracketed by boxes
representing each unit. Triangles indicate chert-
bearing lithologies; f represents feldspar-bearing
rocks; v denotes volcanic sources for both coarse
and fine-grained sediment in the Morrison and
Cedar Mountain Formations. Note the
progressive unroofing of the source area from
lower Morrison through Cedar Mountain
deposition.

tional settings similar to those in northeastern Utah and northwestern Col-
orado (Fig. 10). Chronostratigraphic data from the Morrison Formation
between the Uinta Mountains region and central Utah indicate similar ages
for the Tidwell and Brushy Basin members (Table 1). The only stratigraph-
ic difference between the two areas is the absence of the Windy Hill Mem-
ber on the San Rafael Swell (Peterson 1994). The base of the Morrison
Formation in east-central Utah is defined by a zone of calcic paleosols and
gypsum that is overlain by the Tidwell Member (Fig. 11) (Peterson 1988;
Demko et a. 1996). Another difference is that paleocurrent indicators in
the Salt Wash and Brushy Basin members in the San Rafael Swell region
indicate a southwestern sediment source. Conglomerate clast composition
and paleodispersa orientations for the Buckhorn Conglomerate and upper
Cedar Mountain Formation in central Utah are similar to those found in
the study area (e.g., Yingling 1987).

Correlation of the Morrison and Cedar Mountain formations west of the
San Rafael Swell poses several problems. In the western Wasatch Plateau
and the Gunnison Plateau region, the Lower Cretaceous section consists of
the Cedar Mountain and San Pitch Formations (Sprinkel et a. 1998). In
this area, the San Pitch is differentiated from the Cedar Mountain Forma-
tion on the basis of lithologic differences. The Cedar Mountain in the
Wasatch/Gunnison Plateau region consists of variegated mudstone with
abundant calcareous nodules similar to the Cedar Mountain Formation in
the San Rafael Swell region (Sprinkel et a. 1998). The San Pitch Formation
is coarser grained than the underlying Cedar Mountain and contains inter-
bedded conglomerate, sandstone, and mudstone (Sprinkel et al. 1998).

In the Wasatch/Gunnison Plateau region, the Cedar Mountain Formation
rests unconformably on the Oxfordian Twist Gulch Formation (Willis 1986;
Schwans 1988). The Morrison Formation and Buckhorn Conglomerate are
absent from this area (Stokes 1972; Weiss and Roche 1988; Yingling and
Heller 1992). Along the west flank of the Wasatch Plateau at Salina Can-
yon, the Cedar Mountain and San Pitch Formations consist of 280 m of
conglomerate, sandstone, and mudstone (Fig. 10). Weiss and Roche (1988),
Yingling and Heller (1992), and Sprinkel et al. (1998) correlated the Cedar
Mountain/San Pitch formations with the Cedar Mountain of the San Rafael
Swell on the basis of lithologic similarity and fossil age assemblage.

The absence of the Morrison Formation and Buckhorn Conglomerate
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Fic. 10.—Generalized regional correlation diagram of Upper Jurassic-Lower Cretaceous nonmarine rocks between the study area and the Wasatch Plateau in Central
Utah. Correlation between members and formations incorporates lithostratigraphic and chronostratigraphic data referred to in the text. Symbols used on the diagram are:
arrows, representative paleocurrent orientations from studied areas; a, stratigraphic levels of bentonites dated by “°Ar/3%Ar; p, stratigraphic levels of age-diagnostic paly-
nomorph-bearing mudstones; k, stratigraphic level of K/Ar dated bentonite horizon; K/J indicates the approximate level of the Jurassic-Cretaceous boundary in the upper
Morrison Formation. Ages of formations and members are listed in Figure 2 and Table 1.

west of the Wasatch Plateau can be attributed to both nondeposition and
postdepositional erosion (Fig. 11). Along the southwestern flank of the San
Rafael Swell, both units rest directly on the Middle Jurassic Summerville
Formation (Peterson 1988; Currie 1994), an eastern correlative to the Twist
Gulch Formation. The Tidwell and Salt Wash members pinch out to the
east of this area, indicating that during the Late Jurassic, the Wasatch Pla-
teau was at the western margin of the basin that was eventualy filled by
Morrison sediments. However, afluvia lag at the base of the Cedar Moun-
tain Formation at Salina Canyon contains cobble-size clasts of conglom-
erate and authigenic silica that are similar to beds in the Brushy Basin
Member on the San Rafael Swell, suggesting that the upper parts of the
Morrison were deposited at this location but were |ater removed by erosion
prior to Cedar Mountain deposition. The cause of this erosion can only be
inferred, but it may be related to uplift associated with thermal doming in
the hinterland prior to Sevier thrusting (Yingling 1987; Heller and Paola
1989), isostatic uplift of the Cordilleran foreland during a period of Early
Cretaceous tectonic quiescence (Heller and Paola 1989; Bjerrum and Dor-
sey 1995), subduction-related dynamic plateau uplift (Lawton 1994), or
migration of a flexural forebulge associated with eastward propagation of

the thrust belt during the Early Cretaceous (Currie 1994) (see Discussion).
Following this uplift, renewed basin subsidence allowed deposition of the
Cedar Mountain Formation directly on the Twist Gulch Formation.

DISCUSSION

The relationship between Late Jurassic—Early Cretaceous deposition and
development of the early Cordilleran foreland basin is controversial. Be-
cause the Morrison Formation and Buckhorn Conglomerate pinch out in
central Utah, deposition of these units in a retroarc foreland-basin setting
has been challenged (Heller and Paola 1989; Yingling and Heller 1992;
Lawton 1994; Bjerrum and Dorsey 1995). Four possible basin types have
been proposed to account for Morrison and Buckhorn deposition. These
include a nonmarine basin adjacent to a Late Jurassic-Early Cretaceous
thermally generated uplift or isostatically rebounding highland in the Sevier
hinterland (Fig. 11A, B; Yingling 1987; Heller and Paola 1989; Bjerrum
and Dorsey 1995); a basin formed in response to subduction-generated
dynamic subsidence (Fig. 12A; Lawton 1994); a distal foreland setting
associated with overfilling of a Middle Jurassic foreland basin (Fig. 12C;
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depicted in (A). See Appendix 1 for section locations.

DeCelles and Burden 1992); and a back-bulge setting associated with cra-
tonward migration of a foreland-basin system during the Late Jurassic and
Early Cretaceous (Fig. 12D; Currie 1994).

In considering which basin model is applicable to the Late Jurassic and
earliest Cretaceous of the western interior, both the onlapping and erosional
western pinchout of the Morrison Formation must be explained (Fig. 11).
If the thermal or isostatic-rebound uplift mechanisms apply, two phases of
Late Jurassic—Early Cretaceous uplift are required in regions west of the
Wasatch Plateau. An initial phase of uplift prior to Morrison deposition is
necessary to account for the westward onlap of the formation, and a second,
post-Morrison phase is required to produce the erosiona truncation of the
formation. Although this complex uplift history is possible, there is no
evidence of a Late Jurassic—Early Cretaceous deformational hiatus that
would be necessary to produce regional isostatic uplift of the Sevier hin-
terland (DeCelles and Currie 1996). In addition, there is no mechanism to
accommodate sediment in the areas east of the uplift.

The generation of dynamic topography associated with a shallowing an-
gle of oceanic plate subduction (cf. Mitrovica et a. 1989; Gurnis 1992) is
aso an unlikely cause for the stratigraphic relationships observed in the
Morrison Formation. Lawton (1994) called on the model proposed by Gur-
nis (1992) to account for the depositional pinch-out of the Morrison For-
mation, the asymmetric subsidence observed in the Middle Jurassic rocks
of central Utah, and uplift of Paleozoic-Mesozoic source rocks in the Se-
vier hinterland. In Lawton’s application of the model, a decrease in the
angle of oceanic plate subduction along the western margin of North Amer-
ica during the Middle Jurassic resulted in uplift of a broad plateau in the

present-day Sevier hinterland. This uplift was accompanied by dynamic
subsidence of the foreland in central Utah due to viscous flow within the
mantle wedge. Continued shallowing of the subducting plate during the
Late Jurassic uplifted the foreland and produced depositional offlap of the
Morrison Formation in central Utah.

Although the model proposed by Gurnis (1992) predicts dynamic sub-
sidence of the foreland during a decrease in the angle of subduction, it
does not generate synchronous uplift of a broad plateau that would serve
as a sediment source area. Plateau uplift in the model occurs during the
final stages of plate shallowing, when dynamic subsidence in the foreland
ceases. In addition, the topography generated by this uplift is a result of
inverting basin sediments initialy deposited in the dynamically subsiding
foreland. For thisreason, it is unlikely that the uplift that exposed Paleozoic
rocks in Cordilleran sediment source areas was caused by subducted-slab
effects. Dynamic subsidence may have produced the accommodation that
alowed Middle-Late Jurassic deposition across the region, but it cannot
account for the uplift of the Cordilleran source aress.

The overfilled-foreland model of DeCelles and Burden (1992) also
cannot completely explain the stratigraphic relationships observed in
the Morrison Formation. In this model, both the Morrison and Buckhorn
should at some point thicken to the west. Although postdepositional
erosion may account for thinning of the units, there is no mechanism
in this model to account for the western stratigraphic onlap observed
in the Morrison.

Of the models above, the westward pinch-out of the Morrison Formation,
as well as the stratigraphic relationships observed in the entire Upper Ju-
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rassic and Lower Cretaceous sequence in eastern Utah and western Colo-
rado, can be best explained by cratonward migration of a flexural forebulge
during the Late Jurassic and Early Cretaceous (e.g., DeCelles and Giles
1996). In this model, aspects of dynamic subsidence (Lawton 1994) and
foreland overfilling (DeCelles and Burden 1992) are combined with fore-
land-basin system flexural components associated with early thrusting in
the Cordillera

During Middle Jurassic time, accommodation in central Utah was pro-
duced primarily by subduction-generated dynamic subsidence (Lawton
1994; Currie 1997b). During the Late Jurassic, initiation of thrusting in
western Utah resulted in uplift and erosion of Paleozoic-Mesozoic rocks.
The crustal loading that accompanied this thrusting led to development of
a flexurally subsiding foredeep in western Utah and uplifted forebulge in
central Utah (Fig. 13A). Between the forebulge and the undeformed craton
a secondary back-bulge basin also developed. As the developing foreland
became overfilled, sediment from the Cordillera was transported across the
crest or around the southwest margin of the forebulge into the back-bulge
region. Initial deposition of the Morrison Formation (Windy Hill, Tidwell,
and Salt Wash Members) occurred as a result of eastward progradation of
margina and nonmarine depositional systemsinto the back-bulge depozone
during Oxfordian retreat of the Sundance-Stump sea.

Late Oxfordian-Kimmeridgian deposition of the lower Morrison For-
mation was followed by early Tithonian deposition of upper Sat Wash
Member sandstones and conglomerates (Fig. 13A). This deposition was
associated with the progradation of coarse-grained fluvial facies from the

D. Late Jurassic foreland-basin system
back-bulge

|
: Il Palcozoic and Triassic
! Middle/Lower Jurassic

Upper Jurassic

Fie. 12.—Schematic west—east cross sections
of Utah during Morrison Formation deposition,
showing proposed tectonic settings of the source
area and basin. A) Morrison deposition occurred
in a basin graded to a thermal or dynamic
plateau uplift in western Utah and eastern
Nevada (modified from Heller and Paola 1989).
B) Morrison deposition occurred in a basin
graded to an isostatically uplifted highland
following Middle Jurassic thrusting and foreland-
basin development (modified from Heller and
Paola 1989). C) Morrison deposition in central
and eastern Utah occurred in the overfilled part
of the Middle-Late Jurassic foreland basin
(modified from DeCelles and Burden 1992). D)
Morrison deposition occurred in the forebulge
and back-bulge depozones of the Late Jurassic
foreland-basin system.

thrust belt to the west. Following Salt Wash deposition, lower Brushy Basin
Member fluvial systems underwent a transition from braided to meandering
channel morphologies. This change may have been associated with the
influx of abundant fine-grained material in the form of volcanic air-fall
(Currie 19974). The end result of this transition was the establishment of
Brushy Basin lateraly stable, low-sinuosity fluvia systems during late Ti-
thonian to early Neocomian time. Depositiond filling of the Late Jurassic—
Early Cretaceous back-bulge depozone produced west-directed onlap of the
forebulge located in central Utah (Fig 12B; Currie 1994).

Insofar as the amount of flexural subsidence in the back-bulge region
predicted by flexural models is very low (< 20 m for norma crustal ri-
gidities), deposition of the Morrison Formation above the forebulge and
back-bulge depozones may have been enhanced by dynamic subsidence
(Lawton 1994; DeCelles and Currie 1996). A cessation of regional dynamic
subsidence during the Neocomian may have resulted in a decrease in back-
bulge accommodation and incision and deposition of the Buckhorn Con-
glomerate (Fig. 13C).

Following deposition of the Buckhorn Conglomerate, eastward prop-
agation of thrust loads in the Sevier belt resulted in foredeep flexural
subsidence in areas of central Utah previously occupied by the Late
Jurassic forebulge. Foredeep development in central Utah was accom-
panied by migration of the forebulge into eastern Utah and western
Colorado (Currie 1994). During that time, underfilling of the foredeep
cut off sediment supply to areas uplifted by the forebulge. The resulting
unconformity allowed thick calcrete deposits to form on the filled Buck-
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horn valley surface and above previously exposed areas adjacent to the
valley margins. Subsequent overfilling of the foredeep during Aptian—
Albian time resulted in depositional onlap of Cedar Mountain fluvial
systems onto the forebulge depozone in eastern Utah and western Col-
orado (Fig. 13D).

The possible presence of a flexural forebulge in central Utah during the
Late Jurassic implies the existence of a flexural foredeep in west-central
Utah during the Late Jurassic. Although no Upper Jurassic foredeep de-
posits are preserved in west-central Utah, structural reconstructions of the
Sevier belt indicate that > 4 km of Upper Jurassic-Lower Cretaceous

sediment could have been eroded from this area as a result of Late Cre-
taceous thrust-related uplift (Royse 1993). Active Late Jurassic thrusting in
the central Cordillerais supported by reconstructions of the Canyon Range
thrust sheet that indicate > 40 km of pre-Aptian displacement in west
central Utah, as well as pre-140 Ma emplacement of thrust terranes in
northern Utah (Currie 1997b; Camilleri et. a 1997) Active Late Jurassic
thrusting in the Sevier belt to the south is also supported by isotopic dating
of dikesthat crosscut the Clark Mountain thrust system in southern Nevada
and southeastern Cdlifornia that indicated a 144 Ma age of thrusting (Walk-
er et a. 1995).
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CONCLUSIONS

On the basis of isotopic and palynologic dating of rocks in the study
areaand regional lithostratigraphic and chronostratigraphic correlations, the
Morrison Formation was deposited between Oxfordian and Tithonian time,
athough deposition may have extended into the Early Cretaceous. Similar
correlations indicate that the upper Cedar Mountain Formation was depos-
ited during late Neocomian-Albian time. Although the age of the Buckhorn
Conglomerate Member is unknown, the ages of bounding units suggest
deposition during mid-Neocomian time.

The lower Morrison Formation consists of marginal and nonmarine fa-
cies that were deposited during Oxfordian-Kimmeridgian retreat of shallow
marine deposystems. Upper parts of the Morrison are entirely nonmarine
and contain braided, meandering, and laterally stable, low-sinuosity fluvial
facies, as well as lacustrine deposits. The Cedar Mountain Formation con-
tains gravelly braided fluvial facies of the Buckhorn Conglomerate that are
overlain by laterally stable, low-sinuosity fluvial channels and associated
overbank and lacustrine facies.

Morrison and Cedar Mountain sandstones contain quartz, feldspar, chert,
and volcanic lithic grains. Paleocurrent and petrologic data indicate that
sources for these sandstones were lower Mesozoic, Paleozoic, and Protero-
zoic sedimentary rocks of the Cordillera west of the study area. The pro-
gressive unroofing of the source area indicated by Morrison and Cedar
Mountain sandstone compositions indicate that Cordilleran thrusting was
active throughout Late Jurassic and Early Cretaceous time.

Deposition of the Morrison and Cedar Mountain Formations in the study
area was related to interactions between basin accommodation develop-
ment, sediment supply, and migration of foreland-basin system flexural
components during the Late Jurassic and Early Cretaceous. The Morrison
Formation and Buckhorn Conglomerate were deposited in a back-bulge
setting east of a flexura forebulge in central Utah. The unconformity rep-
resented by the calcrete zone at the base of the upper Cedar Mountain
Formation formed as a result of forebulge migration into eastern Utah dur-
ing the Early Cretaceous. Deposition of the upper Cedar Mountain in the
study area occurred as the Early Cretaceous foredeep became overfilled and
onlapped the uplifted forebulge.
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Aprenpix 1.—Utah-Colorado measured stratigraphic section locations.

Abbre-
viation Section Location
Figure 3
1FD 1 Finch Draw sec. 21,26, T.3N,R. 20E Daggett Co., UT
1sC 1 Steinaker Canal %c. 2, T3S R 2E Uintah Co., UT
1RF 1 Red Fleet .2, T3S R 2E Uintah Co., UT
1SMA 1 Split Mountain Anticline sec. 18, T4S R 23E Uintah Co., UT
2IP 2 Island Park Road ¢ 56 T4SR 23E Uintah Co., UT
10D 1 Orchid Draw sec. 22,27, T.4S R.23E Uintah Co., UT
1TD 1 Theropod Draw sec. 26, T.4S,R. 23E Uintah Co., UT
1P 1 Island Park Rd . 4, T.4S R 24E Uintah Co., UT
TCW Trail Creek West sec. 34,10, . 5N, R. 23E Uintah Co., UT
1BC 1 Bull Canyon sec. 29, . 4N, R. 104 W Moffat Co., CO
IMHQ 1 Monument Headquarters sec. 8, T.3N, R 103 W Moffat Co., CO
RWD Rock Wall Draw sec. 5, T.3N, R 101 W Moffat Co., CO
1c 1 Irish Canyon sec. 11, . 10N, R. 101 W Moffat Co., CO
LHD Left-Hand Draw sec. 35, T. 9N, R. 100 W Moffat Co., CO
1DP 1 Deerlodge Park sc. 28, 6N, R 9 W Moffat Co., CO
Figure 10
Baker Ranch %c. 18, .26 SR. 4E Sevier Co., UT
Last Chance Wash s%c.7,T25S R 6E Emery Co., UT
1-70 sec. 7-8, . 22S,R7E Emery Co., UT
San Rafael River sec. 22-27, T.19S R.9E Emery Co., UT
Cedar Mountain %c. 33, T18S R 10E Emery Co., UT

Green River Cut-Off

sc. 5 T19S R 14E

Emery Co., UT




